The current study is motivated by the need to implement the linear based model-based fault detection and isolation (FDI) methodology onto the nonlinear aircraft system directly. The nonlinear model is expressed in the linear parameter varying (LPV) manner and the corresponding LPV FDI estimator can be developed through the combination of the polytopic FDI estimators developed on each system vertex. The proposed design strategy is applied to the nonlinear longitudinal motion of a UAV aircraft (Machan) with different faults acting on the elevator actuator and wind turbulence affecting the vertical force.
INTRODUCTION
This paper focuses on the Linear Parameter Varying (LPV) polytope modeling methodology that has been widely adopted in control system design in recent years, especially related to vehicle and aerospace control (Wu 2001; Ganguli, Marcos and Balas 2002) . Based upon the use of the LPV approach, the time-varying terms of a nonlinear system can be parameterised. The nonlinear system is modelled as a system with the linear structure, through the online measurement of the varying parameters.
For control applications the LPV approach facilitates the direct application of classical control structures directly on the time-varying and non-linear system with robust results. FDD schemes based on LPV system have also been developed (Bokor and Balas 2004; Bokor and Kulcsar 2004; Henry and Zolghadri 2005; Casavola, Famularo, Famularo and Sorbara 2007; Casavola, Famularo, Franze and Patton 2008; Weng, Patton and Cui 2008) . The LPV based FDD approaches can be divided into two categories (i) a Linear Fractional Representation formalism and (ii) the polytopic formalism. In this paper, the latter approach is adopted to design a robust LPV fault estimator for a nonlinear system.
In contrast to the residual-based approach to fault detection and isolation (FDI), wherein the sensitivity of the fault is necessary, the fault estimation requires the achievement of the fault magnitude, error steady state error. Therefore, the requirement of maximizing the fault sensitivity in a residual can be transformed into one of minimizing the fault estimation error. In other words, the / HH   fault residual generator can be viewed as an H  fault estimator. It is well known (see Chen and Patton 1999 ) that the ideal residual generator is a faithful estimator of the fault and this ideal is difficult to achieve in practice unless a deadbeat system design is made. By using a direct approach to robust fault estimation design (rather than residual design) the robustness problems of fault detection (including delectability) and fault isolation are solved in a more efficient manner.
The literature of the development of the H  optimization based methods is well summarized in Marcos, Ganguli and Balas 2005 . Recent work by (Patton, Putra and Klinkhieo 2009 ) used sliding mode estimation as a robust method of fault estimation, as a part of a fault-tolerant control compensation system. In Patton, Chen and Klinkhieo 2010, the friction effects acting in a two-manipulator robot system are viewed as actuator faults with time-varying characteristics to be estimated and compensated within a LPV Fault detection and diagnosis scheme. This approach is in general applicable to a wide class of non-linear systems with no unique equilibria (for linearization) and a wide range of fault conditions. The importance of this paper lies in the application of the robust H  LPV fault estimator approach to a very nonlinear aircraft system, the Machan UAV, including both longitudinal and lateral dynamics, wind turbulence and elevator faults. The non-linear and by parameterization timevarying model system is represented via an LPV polytope structure through the analysis of the linearised models. Additionally, the practical faults (actuator faults) are added onto the elevator and vertical velocity of the aircraft is assumed to be affected by the disturbance. Efficient interiorpoint algorithms and Linear Matrix Inequalities (LMI) are used within an H  framework, based on the well know formalism of Apkarian, Gahinet and Becker 1995 . It is shown that the H   -suboptimal solution for the fault estimator on each vertex can be calculated through solving set of LMIs.
The Machan model is linearised on predefined trim points using the Jacobian linearization approach. Based upon the analysis of the linearised models, the constant gain stabilising controller (both longitudinal and lateral dynamics) is calculated using eigenstructrue assignment. The polytopic LPV fault estimators are then calculated, at vertices of the polytope separately, to satisfy the given global robustness specification. The LPV fault estimator is deduced through time-varying system parameters, involving the polytope description. It is demonstrated that with online measurement of the aircraft parameters, the elevator faults can be constructed effectively and robustly.
Section 2 introduces the theoretical foundations of the LPV estimator design. The nonlinear Machan aircraft case study is illustrated in Section 3. The concluding discussion is given in Section 4.
ROBUST LPV ESTIMATION
The LPV system with faults is given by (1) Assumptions that apply to system (1) are (Apkarian, Gahinet and Becker 1995) : 
,
The design of a polytopic estimator can be written as 
The estimator system structure is shown in Fig 
The estimator illustrated in Fig.1 can then be expressed as:
where: 
Here, Problem 1 is defined to solve the estimation problem, Problem 1 For the LPV system (1) with assumptions (A1)-(A4), design a polytopic LPV estimator (4) Considering the structure of (7) and according to the assumptions (A2)-(A4), it can be verified that the system (7) is polytopic, and the Lemma 1 can be used as an adaptation of the results from (Apkarian, Gahinet and Becker 1995) .
Lemma 1
For LPV system (7), the following statements are equivalent: (1) 
The main result of this Section is stated in Theorem 1 which provides the solution to Problem 1, (proof omitted). Interested readers can refer to (Apkarian, Gahinet and Becker 1995) .
Theorem 1
Consider the LPV system in (1) 
Once the matrices 0 R and 0 S are obtained, the LPV estimator can be constructed as following Algorithm 1
Step1. Computing the full rank matrices , oo MN using SVD such that:
Step 2. Computing X as the unique solution of the linear matrix equation:
Step 3.
where:
Step 4. Solve the polytopic LPV estimator:
Where, , 1,..., , 
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where,  . The widely adopted linearization approaches for control system design include: Jacobean linearization approach, state transformation approach and the function substitution approach (Marcos 2001) . Here the Jacobian linearization approach is used for the purpose of Machan linearization, which requires multiple trim points to be chosen. However, it is well posed for polytopic LPV system design, since the polytopic system is affine and the scheduling parameters can be selected as trimmed variables. Therefore, the number of the scheduling parameters will be small, which greatly decreases the computational requirements. The nonlinear aircraft is trimmed based upon the trajectory of true airspeed
and altitude h inside the flight envelope separately, the corresponding eigenvalue trajectory of the linearised models are shown in Fig.2 and Fig.3 . An investigation has shown that the aircraft dynamics are more affected by variation in true air speed than by changes in altitude. The open-loop Machan is unstable and hence a stable closedloop system must be configured to satisfy (A1). A common constant gain eigenstructure assignment control (lateral and longitudinal) is constructed to stabilise the fault-free openloop system. Eigenstructure assignment is a widely adopted approach to stability augmentation and to achieve good handling quality modal de-coupling.
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Fault test signals -(fault 1) and oscillatory faults (fault 2) are added onto the elevator (Fig.4) . Fault 1 depicts a multi-step up-step down signal (rad) which is useful for exciting nonlinearity and testing for fault delectability properties. Fault 2 (rad) is constructed through a multi-sine signal. The LPV estimator is then built through the combination of () i F  i  1,2. Fig.7 shows the results of the elevator fault estimation for both fault 1 and fault 2, with a zero-mean Gaussian disturbance () dt with variance 0.005 added onto w , the aircraft vertical velocity (considered as a simple wind gust effect). A suitable shaping filter is added behind the estimated fault, to establish a trade-off between improving the rise time and decreasing the steady state estimation error. The principle of LPV design for robust fault estimation has been introduced through the use of a set of LMIs using efficient interior-point algorithms. The robust LPV fault estimator design is well posed for the fault detection and fault isolation of a nonlinear aircraft system. The fault magnitudes considered in this study are very low (less than 1 degree of actuator rotation). The LPV study shows that the robustness of the estimation error is very high (even during a manoeuvre), corresponding to the system control inputs, disturbances and faults, but also the structure of the robust LPV estimator can be modified online through the measurement of the varying parameters. The full force and moment nonlinear UAV Machan has been used in this study as it has very non-linear longitudinal dynamics and is correspondingly hard to control. The corresponding development of the LPV-based approach for directly estimating the faults of nonlinear aircraft system is clearly demonstrated. The simulation results show that incipent (hard to detect) faults can be estimated robustly and effectively using the polytope estimator.
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